nowadays widely used in both factory and field applications as a diagnostic tool for power transformers. The main problem about FRA techniques is to interpret the observed evolution of the frequency response in order to identify failures. Transformer high frequency computer modeling is proposed in this work to be used with the FRA. The physical meaning of the model parameters allows the identification of the problem inside the transformer. The paper presents the model and experimental results and analysis of the frequency responses on the variations of the winding parameters. Effect of core, bushings, oil and tank on FRA is also investigated.
I. INTRODUCTION
ower transformers are a vital link in a power system. Monitoring and diagnostic techniques are essential to decrease maintenance and improve reliability of the equipment. Currently there are several of chemical and electrical diagnostic techniques applied for power transformers [1] . Frequency response analysis (FRA) has been successfully used for detecting winding deformation, core and clamping structure [2] [3] [4] . Deformation results in relative change to the internal inductance and capacitance of the winding structure. These changes can be detected externally by FRA method. FRA is an offline test and is used to measure the input/output relationship as a function of frequency (typically in the range of 2 MHz). This provides a fingerprint of a transformer and is compared with its previous signatures to detect winding displacement. However, the fingerprints are rarely available, especially for transformers in service. Thus other information such as comparison between identically constructed transformers has to be taken for diagnosis. For linear systems, the system transfer function is independent of the applied signal and it only depends on the system parameters. A transformer represents a nonlinear system and its electrical equivalent circuit is very complex network of distributed resistive, capacitive, inductive elements and conductance between high voltage and low voltage windings. Hence, the frequency response of a transformer is dependent on the formulation of complex series and parallel resonant circuits. FRA with experience based interpretation identifies different problems associated with certain frequency bands. Frequencies scan less than 5 kHz are sensitive to core deformation, open circuits, shorted turns and residual magnetism. The frequencies scan between 10 kHz and 500 kHz are sensitive mainly to bulk winding movements. High frequencies scan greater than 750 kHz are sensitive to movement of inter-connections, winding leads, tap-changer connection and if at very high spectrum greater than 1 MHz then even to the external connection of the test cables [5] . Conventional FRA has been relying on a graphical analysis for transformer diagnosis, which requires trained experts to interpret test results and identify failures. This paper investigates the FRA in details and presents a general model for the transformer in a broad band of frequencies. The physical meaning of the model parameters allows the identification of the problem inside the transformer.
II. XPERIMENTAL RESULTS
The FRA was carried out on a 15 MVA 22/0.415 kV power transformer (vector group dY11). The test conditions were oil winding temperature 25ºC, ambient temperature 22ºC and relative humidity 46%. The FRA graph for high and low voltage windings is shown in Figures 1 and 2 respectively. It can be shown from Fig. 1 that in the low frequency range (less than 1 kHz) the response is characterized by resonance at 400 and 500 Hz these resonant frequencies corresponding to the half-wave space harmonics in the winding due to the low impedance terminations of the measuring circuit. Below 1 kHz the transformer winding response is dominated by inductance. As the frequency increases more space harmonics are built up in the winding. In the medium frequency range multiple resonances can be observed over the entire frequency range. At higher frequencies the distributed capacitances in the transformer tends to shunt the winding inductance and resonance is much less pronounced. Also winding lead effects tend to affect the results in the higher frequency region. The core will likely have some effect at the lower frequencies and skin effect will become a factor at higher frequencies. Figure 3 shows the response when the low voltage windings are short circuited, the resonant frequencies will appear only in the higher frequency range, while the response in the very low frequency range showing some variation between the blue phase and other two phases. The distortion appears in the high frequency range is most probably caused by the end leads associated with tap-changer leads and bushing tails. It can be seen from Figures 4 and 5 that at low frequency range, losses are much less than the previous case. This is because the magnetic circuit of the core determines the inductive characteristics in the low frequency range and since the core is removed and the winding inductance is small, the output voltage is almost equal the input voltage. At higher frequencies the distributed capacitances in the transformer will dominate and the frequency response will depict more resonant frequencies.
To determine the sensitivity of the FRA method to changes in winding inductance, the effect of changing tap position was examined. Figure 6 shows the FRA of the HV winding with the tapping winding open circuit. The effect is noticeable over the whole frequency range.
In the low frequency range the oscillation is most likely to be affected by coil configuration, in the middle range by layer and section effects and at higher frequencies by individual turns. Resonance points will appear only in the high frequency range. In the low frequency range, the out put voltage is zero because of the shorted turns and the core removal. At higher frequency range, effect of capacitances will be dominate and the output voltage will exist with many resonant points. The effect is more noticeable in the low frequency range (less than 10 kHz) over the entire frequency range.
III. TRANSFORMER MODEL
The practical application of any diagnostic technique to detect mechanical damage in a transformer depends on its sensitivity to change in the distributed inductance and capacitance. Every transformer has a unique transfer function and can be modelled by a string of inductances to earth and shunted by their stray capacitances between windings. The equivalent circuit is useful in modelling the sensitivity of FRA to winding changes. It also can be used for the localization of partial discharges. A change in response could be related to a calculated amount of winding deformation. FRA results can be used to construct models of transformer winding. These models can be used to relate frequency response data to the transformer mechanical structure and to quantify significant winding changes. High frequency transformer models are based on lumped circuit approach where elements of transformer including windings, core, etc are represented by electrical parameters that can be measured or calculated. The selection of these parameters determines the accuracy of the model. The influence imposed by the core into the inductance calculations has been discussed by many researchers [6] . However, all the previous studies have studied this point theoretically. In this work, practical FRA is obtained for the transformer under study with and without the core. A computer model is proposed for each case. The frequency response of each model is compared with the corresponding practical one. In this case, effect of the core can be elaborated in a wide range of frequencies. 
Hence, it is possible to plot the frequency response of the transfer function along with the frequency response of the practical test. In this way, a comparison of the two curves may be made and an assessment made of the degree of accuracy of the derived model. Figure 8 shows a comparison between the frequency response obtained from the FRA test and the frequency response of the proposed model. The plot shows a difference between the experimental and model responses in the low frequency range, this may be attributed to the ignorance of the core effect. In the medium and high frequency range, the model response is not ideally accurate due to the complex shape of the measured frequency response, which depicts a number of resonant points. Figure 9 shows the transformer general equivalent circuit proposed by Douglass [7] . In the model the following parameters are in their lumped form and all referred to the secondary side: 1) an ideal transformer for ratio purposes only. 2) C p and C s represent the primary and secondary winding capacitances to ground respectively. 3) L w is the equivalent leakage inductance of the primary and secondary windings. 4) Z h is the core exciting impedance (resistance and inductance in parallel). Syed et al. [8] proposed three high frequency transformer equivalent circuits by dividing the general model into low, medium and high frequency range models, reflecting parameter significance. This paper presents a general high frequency transformer model that can be used for FRA.
The transfer function of the circuit shown in Fig. 9 can be written as: The design data of the transformer is used to compute the inductances and capacitances shown in the above equation [9, 10] .
It can be observed from the transfer function and its phase plot shown in Fig. 10 that at low frequencies, the influence of capacitance is negligible and the winding behaves as an inductor. This is due to the fact that flux penetration of the core is significant and hence Z h , the core excitation impedance, is included. As the frequency increases, the circuit capacitances dominate. Figure 11 shows the experimental and model frequency responses. At low frequency range, the experimental response tends to shift towards left. This may be attributed to the presence of residual magnetism in the core. The model can not simulate the distortion appears in the very high frequency range which is most probably caused by the end leads associated with tap-changer leads and bushing tails.
It can be seen from Fig. 11 that in the high frequency range, the model and experimental responses are correlated to far extent. It can be concluded that the transformer frequency response is better emulated by retaining the core exciting impedance.
IV. 4. CONCLUSION
Experimental results for FRA technique have been discussed in this paper. Effect of bushings, core, oil and tank on FRA has been elaborated. Sensitivity of the FRA method to change of tap position was examined. The main problem about FRA techniques is to interpret the observed evolution of the frequency response in order to identify failures. The paper presents a Transformer high frequency computer modeling that can be used with the FRA. The physical meaning of the model parameters allows the identification of the problem inside the transformer. Results show that transformer frequency response is better emulated by retaining the core exciting impedance. The proposed model is easy to implement and used as a successful tool for FRA and can be used for condition monitoring of power transformer.
